Abstract-The extracellular matrix influences the cellular spreading of vascular smooth muscle cells (VSMCs) via integrin receptors. However, the intracellular signaling mechanisms are still incompletely understood. We investigated the hypothesis that VSMCs binding to fibronectin activates the protein kinase C (PKC) pathway, causes differential intracellular PKC isoform translocation, and mediates cell spreading. VSMCs binding to poly-L-lysine or preincubated with Arg-Gly-Asp (RGD) peptides were used as controls. Diacylglycerol (DAG) and phospholipase D (PLD) activity were measured by thin-layer chromatography. Intracellular distribution of PKC isoforms was assessed by confocal microscopy. VSMCs binding to fibronectin induced focal adhesions and cell spreading within 30 minutes. Fibronectin induced a rapid increase in DAG content, peaking at 10 minutes with a sustained response for Ͻ1 hour. In contrast, PLD activity was not influenced by specific binding to fibronectin. PKC isoforms ␣, ␦, ⑀, and were assessed by confocal microscopy. Fibronectin induced a PKC isoform translocation to the cell nucleus and to focal adhesions within minutes. The nuclear PKC␣ immunoreactivity was transiently increased. PKC isoforms ␣ and ⑀ were both translocated to focal adhesions. The intracellular distributions of other PKC isoforms were not influenced by fibronectin. The effects of fibronectin on DAG generation, the translocation of PKC␣ and PKC⑀, and cell spreading were all abolished by the incubation with RGD peptides. Downregulation of PKC isoforms ␣ and ⑀ with specific antisense oligodinucleotides resulted in a significant inhibition of cell spreading. Our results show that integrins induce intracellular signaling in VSMCs via DAG and PKC. PKC isoform ␣ is translocated to the nucleus, whereas PKC isoforms ␣ and ⑀ are translocated to focal adhesions. Both isoforms seem to play a role in inside-out integrin signaling and cell spreading. (Circ Res. 1998;82:157-165.)
T he local cellular environment determines differentiation, proliferation, and migration of VSMCs. The extracellular matrix plays an important role in mediating cell spreading and migration. 1 VSMCs bind to the matrix via membrane-bound integrins. In addition to establishing the cell-matrix interaction, integrins are cell surface receptors that can mediate the bidirectional transfer of information from the outside to the inside of the cell. [2] [3] [4] [5] [6] [7] Several signaling pathways are stimulated after integrin occupation. Integrin-initiated signals stimulate the tyrosine phosphorylation of several cellular proteins, such as GTP-bound p21 ras, 8 pp125FAK, and others. 9 Ca 2ϩ -dependent signaling pathways are also activated by integrins. McNamee et al 10 have shown that adhesion to fibronectin stimulates inositol-lipid synthesis and inositol trisphosphate generation. Integrin occupation also leads to increased [Ca 2ϩ ] i in different cell types. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The activation of the Ca 2ϩ messenger system appears to be due to stimulation of phospholipase C. 12, 13 These intracellular events lead to DAG formation and activation of PKC. DAG formation by integrin occupation has been shown in leukocytes and pancreatic acinar cells. 13, 20 Moreover, translocation of PKC from the cytosol to the membrane fraction on binding to extracellular matrix has been demonstrated. 21, 22 PKC activation may influence several intracellular events, including cell spreading. PKC is activated before integrinmediated cell spreading, and inhibition of PKC prevents cell spreading. 21, 22 PKC seems also to play a role in the formation of focal adhesions. 23 However, which of the PKC isoforms is influenced by integrin-mediated PKC activation is unclear. PKC consists of a family of isoforms 24 that are targeted to different cellular compartments on cell stimulation by growth factors and cytokines. [25] [26] [27] [28] [29] [30] [31] [32] These isoforms are expressed in a tissue-dependent fashion. In VSMCs, PKC isoforms ␣, ␤1, ␦, ⑀, and have been identified. 26 Jaken, Leach, and colleagues 27, 28 studied fibroblasts and showed that specific PKC isoforms may associate with nuclear structures or focal adhesions. PKC isoforms also bind to cytoskeletal proteins and to other subcellular compartments. 29 We recently demonstrated a rapid translocation of PKC to the nucleus on cell stimulation by extracellular hormones and growth factors. 33 Some investiga-tors have recently reported that PKC isoforms are translocated from a cytosolic to a membrane fraction after integrin occupation. 34 Which PKC isoforms are induced by integrin occupation in VSMCs is unclear. Whether or not binding to extracellular matrix leads to a differential distribution of PKC isoforms in VSMCs is not defined. Finally, the functional consequences of these PKC-mediated events are unknown. We investigated the DAG-PKC system in VSMCs after binding to fibronectin. We demonstrate (1) that binding to fibronectin induces DAG generation in a biphasic fashion, (2) that fibronectin induces a rapid, short-lasting translocation of PKC␣ to the nucleus, (3) that PKC␣ and PKC⑀ are translocated to focal adhesions, and (4) that inhibition of PKC␣ and PKC⑀ by antisense ODNs inhibited cell spreading. Our findings suggest that PKC␣ may play a role in integrin-induced gene expression and that PKC␣ and PKC⑀ mediate the effects of PKC activation in cell spreading.
Materials and Methods

Materials
Fibronectin was purchased from Boehringer-Mannheim Biochemicals. The RGD peptide, as Gly-Arg-Gly-Asp-Asn-Pro, was obtained from Biomol.
VSMC Isolation and Culture
Rat aortic VSMCs from the fourth to eighth passages were separated according to the modified method of Chamley-Campbell described elsewhere. 26, 35 Briefly, the rats (12 to 14 weeks old) were killed instantly, and their thoracic aortas were excised. After adherent fat and connective tissue were removed, the aortas were cut longitudinally, and the endothelial cells were removed by gentle scraping with fine forceps. The aortas were then minced into small pieces and incubated at 37°C for 2 hours in PBS without Ca 2ϩ but with 1 mg/mL collagenase (type I, 150 IU/mg, Worthington Biochemical Corp), 0.5 mg/mL elastase (type III, 40 IU/mg, Sigma), and 0.5 mg/mL trypsin inhibitor (Sigma). After 2 hours, DMEM/F-12 containing 10% FBS (GIBCO) was added to the suspension to inactivate enzymes. The cells were then centrifuged at 120g for 10 minutes, and the pellet was resuspended in DMEM/F-12 with 10% FBS. The cells were then seeded at a density of 3 to 5ϫ10 5 /cm 2 and were cultured in medium 199 (Seromed) containing 10% FBS, 2 mmol/L glutamine, and 100 U/mL penicillin-streptomycin at 37°C in 95% air/5% CO 2 . Cells from passages 2 to 4 were used in all experiments. The phenotype of the cultured VSMCs was determined by staining the cells for ␣-actin and desmin. Antibodies for muscle specific ␣-actin and desmin were obtained from Boehringer-Mannheim.
Twenty-four hours before the examinations, cells were put into 0.1% FBS for quiescence. On the next day, cells were trypsinized and washed, and 1 million cells per well were plated either on fibronectin (final concentration, 50 g/mL)-coated or poly-L-lysine (200 g/mL)-coated dishes. In addition, the specificity of integrin binding of fibronectin was determined by the addition of an RGD peptide in a concentration of 400 L/mL before plating. At 0, 10, 30, 60, and 120 minutes, the experiments were stopped by aspirating the medium in a time-dependent manner. The cells were immediately washed with PBS and scraped for lipid extraction.
Lipid Extraction
Lipid extraction was performed by the method of Bligh-Dyer as described earlier. 36 Briefly, the cells were solubilized with 0.4 mL of 0.2% SDS for 5 minutes and scraped into glass tubes. Culture wells were washed with 1 mL of ice-cold methanol, which was added to the cells. Chloroform and 0.2 mol/L NaCl were added to yield a final concentration of 1:1:0.9 (chloroform/methanol/water [vol/vol]). After centrifugation, the lower organic phase was separated from the upper phase and dried under nitrogen. Lipids were dissolved in chloroform and kept at Ϫ20°C until further processing.
DAG Kinase Assay
The DAG content in the lipid extracts was assayed using established methods. 36 Briefly, DAG-containing lipids were solubilized in a octyl ␤-glucoside/cardiolipin solution and incubated with DAG kinase from Escherichia coli in the presence of [␥-
32 P]ATP to quantitatively convert DAG into [ 32 P]phosphatidic acid. Lipids were extracted as described above, and phosphatidic acid was separated from other lipids by thin-layer chromatography, using the solvent system chloroform/ acetone/methanol/acetic acid/water (50:20:10:10:5 [vol/vol]). Phosphatidic acid spots were identified using an authentic DAG standard and autoradiography, cut from the thin-layer chromatographic plate, and counted in a scintillation counter.
Immunocytochemistry
The techniques for confocal microscopy have been described previously. 26, 35, 37 The cells were fixed with 4% paraformaldehyde and permeabilized with 80% methanol at Ϫ20°C at the described time points. After incubation with 3% skimmed milk in phosphate-buffered solution (SM/PBS) for 60 minutes, the preparation was incubated for 1 hour at room temperature with the PKC antibodies. We used highly specific affinity-purified polyclonal antibodies directed against peptide sequences of PKC that reacted specifically with the ␦, ⑀, and subspecies of PKC (antibodies were from GIBCO; the antibody against PKC␣ was a monoclonal from UBI). Specificity was demonstrated by using specific oligopeptides that prevent binding of the antibodies to the isoforms. This characterization of the antibodies has been recently published. 33, 35 Antibodies were then diluted in PBS with 0.1% BSA (1:80). After they were washed with the primary antibodies, cells were washed three times with PBS and exposed to the secondary antibody (FITC-conjugated anti-rabbit or anti-mouse IgG at 1:100, 1% BSA/PBS, Pierce Chemicals) for 60 minutes. The preparation was mounted with 50% glycerol under a glass coverslip on a NikonDiaphot microscope. An MRC 600 confocal imaging system ( Bio-Rad Laboratories) with an argon/krypton laser was used. At least 50 to 80 cells from each of at least seven experiments were examined under each experimental condition. The results were reproduced by two separate investigators, and multiple experiments were performed. The observers were unaware of the experimental design and antibodies used.
Quantification in nuclear, cytoplasmic, and periplasmic membrane regions was done with histogram/area functions in the MRC-Comos software. The subcellular regions were outlined manually, and the calculated mean fluorescence intensity was obtained for the delineated regions. Data are presented as the ratio of the mean fluorescence intensity in the respective regions to the mean fluorescence intensity of the whole cell area.
Western Blotting
Western blot analysis was carried out as described previously. 26, 35 After the experiments, the cultured endothelial cells were treated with ice-cold homogenization buffer (20 mmol/L Tris-HCl, pH 7.5, 250 mmol/L sucrose, 3 mmol/L EGTA, 10 mmol/L mercaptoethanol, 1 mmol/L phenylmethylsulfonyl fluoride, and 50 mol/L leupeptin) and homogenized. The homogenate was resuspended in buffer containing 1.0% Triton X-100 and centrifuged at 100 000 rpm for 10 minutes. The supernatant underwent chromatography using 10%
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DAG ϭ diacylglycerol FAK ϭ focal adhesion kinase ODN ϭ oligodeoxyribonucleotide PKC ϭ protein kinase C RGD ϭ Gly-Arg-Gly-Asp-Asn-Pro VSMC ϭ vascular smooth muscle cell SDS-polyacrylamide gels. Ten to 40 g of protein was loaded into each lane. The fractions were then electroblotted by the semidry technique onto polyvinylidene fluoride membranes (Immobilon-P, Millipore). The membranes were successively incubated, first with blocking buffer containing 137 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.5, 10% nonfat dry milk powder (Merck), 0.2% (vol/vol) Tween 20, and 0.02% NaN 3 for 120 minutes at room temperature. The next incubation was conducted in affinity-purified isoenzyme-specific antibody diluted in incubation buffer containing 137 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.5, and 1% BSA at room temperature. PKC antibodies used are described above. A final incubation was carried out in Tris-buffered saline with peroxidase-conjugated antirabbit or anti-mouse IgG (Pierce Chemicals). The membranes were thoroughly washed after each incubation with a buffer containing 137 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.5, and 0.2% (vol/vol) Tween-20. Visualization was achieved by chemiluminescence (Renaissance, DuPont).
Oligonucleotides
Phosphorothioate ODNs were purchased (Tib Molbiol). We selected an antisense ODN (ISIS 3521) against the human 3Ј untranslated region derived from the human PKC␣ sequence (European Molecular Biology Laboratories database). 38 The antisense sequence used for PKC␣ was 5ЈGTT CTC GCT GGT GAG TTT CA3Ј. The sense ODN sequence (5ЈTG AAA CTC ACC AGC GAG AAC3Ј), a reverse ODN sequence (5ЈAC TTT GAG TGG TCG CTC TTG3Ј), and a scrambled version (5ЈGAG TTG CTT GCT TAT CGG TC3Ј) were used as controls. The antisense sequence used for PKC⑀ against the human AUG start codon was (5ЈGCC ATT GAA CAC TAC CAT3Ј). The sense ODN sequence (5ЈATG GTA GTG TTC AAT GGC3Ј) was used as a control. We used a cationic lipid solution (Lipofectin, GIBCO BAL, Life Technologies) to enhance ODN uptake. For transfection, the cells were incubated with lipofectin (10 g/mL) and ODN (1 mol/L) at 37°C for 4 hours, washed 2 times with medium, and then incubated with medium and ODN (1 mol/L) for another 4 hours.
Statistics
Statistical analysis was carried out on a Macintosh computer (Apple Inc) using a commercially available statistical program (Statview, Cricket Software Inc). We used nonparametric sign tests and MannWhitney tests to analyze the data from the 7 to 10 separate experiments. A value of PϽ.05 was accepted as significant. References to increases or decreases in the following section are only so stated if statistically significant.
Results
We first analyzed the effects of fibronectin on the spreading of cultured VSMCs at 10, 30 and 60 minutes after cell seeding. Plates coated with fibronectin, poly-L-lysine, or fibronectin plus incubation with RGD peptides were used. VSMCs on fibronectin showed slight spreading after 10 minutes compared with VSMCs on poly-L-lysine or fibronectinϩRGD. The cell spreading increased after 30 and 60 minutes on fibronectin. On fibronectin, 76% of VSMCs showed spreading after 60 minutes compared with 17% of VSMCs on poly-L-lysine. Preincubation with RGD peptides inhibited cell spreading on fibronectin to a similar degree. Cells on poly-L-lysine or fibronectinϩRGD became slowly unrounded after 60 minutes (data not shown). We then asked whether the binding to fibronectin leads to an increase in DAG generation in VSMCs. DAG content in VSMCs was measured at 1, 10, 30, 60, and 120 minutes after seeding. Adherence to fibronectin induced a rapid increase in DAG content, whereas binding of the cells to poly-L-lysine had no effect on DAG generation. The fibronectin-induced DAG generation showed a biphasic response, with an initial peak at 10 minutes (2.17Ϯ0.67 versus 1.18Ϯ0.07 nmol/L per well, PՅ.05, nϭ4) and a decrease toward basal levels thereafter. DAG content in VSMCs on fibronectin remained slightly elevated for Ͻ60 minutes (1.53Ϯ0.05 versus 1.23Ϯ0.2 nmol/L per well, nϭ4). This fibronectin effect was integrin dependent, because preincubation of fibronectincoated culture dishes with RGD peptides for 10 minutes before VSMC seeding prevented the fibronectin-induced increase in DAG almost completely (data not shown).
DAG can be generated by activation of phospholipase C, by polyinositol breakdown, or by phosphatidic acid and the activation of DAG kinase. Because the latter pathway can be induced by PKC directly, we asked whether fibronectin binding induced the formation of phosphatidic acid. Binding to fibronectin induced a rapid increase in phosphatidic acid; however, this effect was not fibronectin specific, since the binding of VSMCs to poly-L-lysine also led an increase in phosphatidic acid (data not shown). To further define possible intracellular signals that may be involved in the formation of DAG, we used the kinase inhibitors staurosporine (5ϫ10
Ϫ8
) and genistein (10 Ϫ5 mol/L). The tyrosine kinase inhibitor genistein inhibited the fibronectin-induced DAG production by 54Ϯ16% (PϽ.05). In contrast, the PKC inhibitor staurosporine had a smaller, but nonsignificant, effect (18Ϯ7%) (data not shown).
We then analyzed the effects of fibronectin binding on the intracellular distribution of PKC isoforms ␣, ␦, ⑀, and . Using confocal microscopy, we assessed intracellular PKC immunoreactivity with two sections on different cell levels. The first section (Fig 1A, top micrographs) was aligned approximately at the level of the cell nucleus (5 m above the basolateral cell surface), and the second section (Fig 1A, bottom micrographs) was placed 0.5 m above the cell surface, in order to assess PKC immunoreactivity close to the basolateral cell surface. Fibronectin binding (5 minutes) induced an intense staining both of the perinuclear and nuclear area (top). These effects were not present in cells bound to poly-L-lysine and could be prevented by preincubation of the VSMCs with RGD peptides. A semiquantification of the fluorescence signal from the nuclear area and the cytoplasmic area (nϭ60) showed a significant increase in nuclear immunoreactivity for PKC␣ after binding to fibronectin compared with binding to poly-L-lysine and preincubation with RGD peptides (PՅ.05) ( Fig  1A) . The fibronectin-induced increase in PKC␣ immunoreactivity was transient and disappeared within 15 to 20 minutes. The increase in nuclear immunoreactivity was also observed when the relation between cytosolic and nuclear immunoreactivity was assessed (Fig 1B) . The comparison between the two cellular compartments suggests a fibronectin-induced translocation of PKC␣ from the cytosol into the nucleus.
We then assessed the effects of fibronectin on PKC␣ immunoreactivity near the basolateral surface of the cells. The bottom micrographs of Fig 1A show the effects of fibronectin binding on the basolateral distribution of PKC␣. Fibronectin induced an increase in PKC␣ immunoreactivity in distinct focal spots. These focal spots were only rarely present on poly-L-lysine and were almost completely abolished by preincubation with RGD peptides. Quantification of the focal spots (nϭ60) confirmed this observation and showed a significant difference between fibronectin and controls. The increase of PKC␣ immunoreactivity in focal spots was only transient and had disappeared at 15 minutes (Fig 2A) . In order to further demonstrate that fibronectin induced translocation of PKC␣ to focal adhesions, we used double stains for FAK and PKC␣ after the binding of VSMCs to fibronectin. A representative photomicrograph of these experiments is shown in Fig 2B, which clearly demonstrates colocalization of both proteins. This finding indicates that fibronectin induces translocation of PKC␣ to focal adhesions.
We then analyzed the effects of fibronectin adhesion on PKC isoform ⑀. In contrast to the observed changes in nuclear immunoreactivity with PKC␣, PKC⑀ immunoreactivity did not increase in the nuclear area (data not shown). However, fibronectin induced a PKC⑀ increase in the basolateral area. Fig  3 shows the effects of fibronectin binding on the basolateral distribution of PKC⑀. Fibronectin induced a focal distribution of PKC⑀ immunoreactivity (Fig 3A) . These focal spots were only rarely present on poly-L-lysine and were almost completely abolished by preincubation with RGD peptides. The semiquantification of these results confirmed this observation (Fig 3B, nϭ60) . However, the number of spots per cell was smaller compared with the experiments with PKC␣. In contrast to PKC␣, the time course of translocation to focal spots was still significantly increased at 15 minutes. As in the previous experiments, we used colocalization experiments with FAK and could confirm the fibronectin-induced translocation of PKC⑀ to focal adhesions (Fig 3C) .
We further analyzed the intracellular distribution of PKC␦ and PKC. The first isoform was found to be located in the cytosol and appeared to be associated with cytoskeletal proteins. Fibronectin binding had no specific effect on the intracellular distribution of PKC␦ and showed no difference compared with poly-L-lysine binding or preincubation with RGD peptides (data not shown). PKC showed weak speckled immunoreactivity mostly localized in the cytosolic area. We did not observe a significant fibronectin effect on the intracellular distribution of this PKC isoform (data not shown).
Finally, we investigated the hypothesis that the PKC isoforms ␣ and ⑀ play a functional role in the mediation of cell spreading. For specific inhibition of PKC isoforms ␣ and ⑀, we used antisense ODNs directed against these PKC isoforms. Antisense ODNs against the 3Ј untranslated region of PKC␣ and PKC⑀ were prepared as described in "Materials and Methods." We first investigated the effect of ODNs on the expression of the respective PKC isoforms in VSMCs. Fig 4A  shows a Western blot analysis of PKC␣ and PKC⑀ after 24 hours of exposure to antisense ODN against PKC␣ compared with a sense ODN control. The cells were incubated with 1 mol/L ODN together with lipofectin (10 g/mL). Antisense ODN led to a downregulation of PKC␣ to 44Ϯ11% compared with control. In contrast, protein levels of PKC⑀ were only slightly affected by exposure of VSMCs to antisense ODN against PKC␣. Lipofectin alone had no effect on PKC␣ expression levels (data not shown). We then used an antisense ODN against the AUG start codon of PKC⑀ and investigated its effect on the expression of this PKC isoform. Fig 4A (right) shows a Western blot analysis of PKC⑀ after 24 hours of exposure to antisense ODN compared with a sense ODN control. The cells were incubated with 1 mol/L ODN together with lipofectin (10 g/mL). Antisense ODN led to a downregulation of PKC⑀ to 61Ϯ14% compared with control. In contrast, protein levels of PKC␣ were not affected by exposure to antisense ODN against PKC⑀. For the control experiments, sense and scrambled ODNs were used. These ODNs were also tested with respect to their effects on protein expression of the respective PKC isoform. None of the control ODNs reduced protein expression significantly.
We then examined whether the specific downregulation of PKC␣ and PKC⑀ with antisense ODN influenced VSMC spreading on fibronectin. The results of these experiments are shown in Fig 4B. VSMCs were incubated with lipofectin (10 g/mL) and antisense ODN or sense ODN (control) against PKC␣, PKC⑀, or both 24 hours before seeding on fibronectin. As an additional control experiment, antisense ODN against another PKC isoform, PKC, was used (data not shown). Antisense ODN for PKC␣ decreased the fibronectin-induced cell spreading by 50%. Both the initial spreading and the later response to fibronectin were reduced. Antisense ODN against PKC⑀ also reduced the fibronectin-induced cell spreading significantly. Control experiments with sense and scrambled ODNs for both isoforms had no significant effect on fibronectin-induced cell spreading. The downregulation of both PKC isoforms had a combined effect on cell spreading and reduced the percentage of spread cells at 60 minutes to 22% compared with 68% in the control cells.
Discussion
The important finding in the present study is that fibronectin binding of VSMCs induces a rapid translocation of PKC isoforms ␣ and ⑀ to focal adhesions and that these PKC isoforms mediate cell spreading. Thus, PKC␣ and PKC⑀ may play a role in inside-out integrin signaling. These results suggest a positive-feedback mechanism, whereby integrin-induced generation of DAG and activation of distinct PKC isoforms influence focal adhesions and further enhance cell-matrix contact. In addition, we observed that integrin binding leads to a transient translocation of PKC␣ into the nucleus. PKC␦ and PKC were not affected by the binding to fibronectin. We also present evidence that the integrin-induced increase in DAG is not linked to activation of PLD but seems to be partially dependent on tyrosine phosphorylation.
We first observed that VSMC binding led to increased DAG production. Most likely, this increase in DAG is due to the previously described activation of phospholipase C and the breakdown of inositol phospholipids by integrin occupation. PKC⑀ protein levels were not influenced by antisense ODNs against PKC␣ (nϭ4). B, VSMC spreading on fibronectin after downregulation of PKC isoforms by antisense ODNs against PKC␣, PKC⑀, or both. Shown is the time course of cell spreading 10, 30, and 60 minutes after VSMC seeding. The initial cell spreading (10 minutes) on fibronectin was partially inhibited by downregulation of PKC␣ and PKC⑀. Combined treatment with antisense ODNs for both PKC isoforms almost completely inhibited cell spreading. A similar effect was observed after 60 minutes. Control experiments with sense and scrambled ODNs for both isoforms had no significant effect on fibronectin-induced cell spreading (nϭ4).
Our findings are in agreement with observations made in other cell types, suggesting that the occupation of ␤ 1 integrins leads to the generation of DAG. 13, 20, 39, 40 However, the exact mechanism whereby integrins mediate phospholipid breakdown is not clear. 6 We could rule out the possibility that the DAG production is mediated via PLD and that PKC acts in a positive-feedback loop mechanism. We observed that an inhibition of tyrosine phosphorylation decreased DAG production. This observation implies that activation of a tyrosine kinase through one of the integrin receptors stimulates phospholipase C and increases DAG. The actions exerted by a tyrosine kinase inhibitor suggest that tyrosine phosphorylation also plays a role in the integrin-induced generation of DAG. 20 These results support a model whereby tyrosine kinases are recruited to focal adhesions after integrin-induced autophosphorylation. Elucidating the interactions of the signal transduction molecules with each other and with the integrin cytoplasmic domains will be key to understanding the initial events of signal transduction through the integrins.
Fibronectin binding induced a translocation of PKC␣ to the nucleus. A nuclear translocation of PKC by growth factors and hormones has been described earlier (for review see References 41 and 42). Several investigators observed that PKC is associated with nuclear membranes. 25, 27, 28, 30, 33, 37, 39, 43, 44 Nuclear substrates of PKC have also been identified. 32, 42 These substrates include proteins implicated in maintaining chromatin structure and in the replication or repair of DNA, such as topoisomerase II. 45 These observations support the notion that PKC may perform important tasks within the cell nucleus. 42, 46 Since binding to fibronectin is associated with increased gene expression, it is conceivable that integrin-induced translocation of PKC plays a role in integrin-mediated gene expression. This hypothesis is presently under investigation. Which signal directs PKC isoforms to the nucleus is presently unclear. The presence of a nuclear localization sequence in the regulatory domain of the enzyme has been suggested. 47 However, this motif is absent in the nonconventional PKC isoforms. Alternatively, PKC itself may be directed to the nucleus by the action of PKC binding proteins and may not necessarily rely on the nuclear localization sequence. 48 Integrin binding induced a PKC isoform translocation to focal adhesions. That PKC isoforms can be associated with focal adhesions has been shown by our group and others. 27, 29, 37, 49, 50 In contrast to the observations by Barry and Critchley, 51 we could not detect an association of PKC␦ with focal adhesions. However, these investigators used serum to induce the recruitment of the cytoskeletal proteins talin, vinculin, and paxillin, as well as the protein kinases pp125FAK and PKC␦, to newly formed focal adhesions. Our findings suggest that integrin occupation induces translocation of PKC␣ and PKC⑀, modulates the affinity of the fibronectinbinding integrins, and plays a role in integrin inside-out signaling. 52 Several groups have shown that in different cell types direct activation of PKC via phorbol ester leads to an increase in integrin receptor affinity. 53 Such PKC activation has been demonstrated for ␤ 1 , ␤ 2 , and ␤ 3 integrins (for review see Reference 54) . However, the mechanism whereby PKC activation alters integrin affinity remains elusive. The affinity modulation of the integrins may be mediated by both the ␤-and ␣-subunit integrins. Although reports of phosphorylation on ␣-and ␤-subunit cytoplasmic domains after PKC activation by phorbol ester treatment are numerous, 38, 54, 55, 56 there is no compelling evidence that direct phosphorylation of integrins by PKC serves as a physiological mechanism for cytoplasmic-induced affinity modulation.
The close association with FAK suggests that PKC may phosphorylate this kinase or other substrates within the focal adhesion complex. In fact, integrin-mediated pp125FAK tyrosine phosphorylation appears to be mediated by a PKCdependent pathway. Vuori and Ruoslahti 22 observed that PKC activation precedes the onset of cell spreading and suggested that PKC activation mediates or facilitates cell spreading via the phosphorylation of this tyrosine kinase. However, PKC did not directly act on pp125FAK, suggesting that other mechanisms are involved. In accordance with this hypothesis is the observation that the PKC-induced phosphorylation of pp125FAK depends on F-actin. 57 Another possible substrate of PKC within focal adhesions is paxillin. De Nichilo et al 58 have recently shown that paxillin localizes to focal contacts in the absence of FAK expression and is predominantly phosphorylated on serine residues in a PKC-dependent manner. That PKC may play an important role in the formation of focal adhesions has recently been suggested by Lewis et al. 23 They demonstrated that PKC activation by phorbol ester in ␣ v ␤ 5 -expressing cells induced spreading, increased colocalization of ␣-actinin, tensin, vinculin, and actin, and triggered tyrosine phosphorylation of FAK.
Our observations may have pathophysiological implications. Disturbances in PKC regulation may induce an alteration in mechanotransduction or cell migration. Berk et al 59 have proposed a model whereby PKC regulates the dynamic interactions between integrin molecules present in focal adhesion complexes and membrane events involved in the endothelial cell response to flow. Under conditions of increased PKC activity, such as diabetes, 26 PKC may influence cell adhesion. A preliminary report has shown increased tyrosine phosphorylation of pp125FAK and paxillin in glomeruli from patients with diabetes. 60 In summary, we showed that VSMC binding to fibronectin via integrins leads to an increase in DAG production and translocation of specific PKC isoforms. PKC␣ is translocated to the nucleus and toward focal adhesions, whereas PKC⑀ is mainly associated with focal adhesions. Specific inhibition of these PKC isoforms by antisense ODN decreased cell spreading in an additive manner. These results suggest that PKC␣ and PKC⑀ play a role in ligand-mediated outside-in integrin signaling as well as in cytoplasmicinitiated affinity modulation (inside-out). We conclude that PKC isoforms appear to play a major role in the promotion of integrin-induced cell spreading.
